Evaluating the MERRA time series of budget terms, a significant change occurs, which 18 does not appear to be represented in observations. In 1999, the global analysis increments of 19 water vapor changes sign from negative to positive, and primarily lead to more oceanic 20 precipitation. This change is coincident with the beginning of AMSU radiance assimilation.
5 Much of the reanalysis data that provide information about the Earth's water and energy budgets 6 come from the model physics, which has been categorized as being closely related to the 7 numerical model as opposed to the analyzed state fields (Kalnay et al. 1996) . Despite the 14 The physical terms of the reanalysis budgets generally do not balance even over long periods, 15 because the atmospheric data assimilation provides additional constraint (or forcing) in the 16 balance of the output data. This is ultimately presented as a residual term in many studies (Roads 17 and Betts, 2000; Roads et al. 2002) . This term, referred to here as the analysis increment, reflects 18 the observations affect on the analysis, and so, as the observations change so do the forcing and 19 the physical response of the model to the forcing. With this term quantified, the budgets can be 20 studied closely, and some work has used the information to apply corrections to the physical 21 terms (Schubert and Chang, 1996 ; Bosilovich and Schubert, 2001 ; Robertson et al. 2010 ).
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In reviewing the observed global energy budget, TFK09 also compared the reanalysis 23 energy budgets (specifically, ERA-40 NCEP-DoE R2 and JRA-25), and some similar biases are 1 evident. Firstly, the net TOA energy did not balance well, with too much upward flux. However, 2 JRA-25 bias is related to too much OLR, while NCEP-DoE R2 is due to too much reflected 3 shortwave radiation, but both imbalances were on the order of 1 0W/m -2 . Also, all reanalyses had 4 excessive evaporation and precipitation leading to stronger global hydrologic cycling. One aspect 5 of the reanalyses budgets not addressed by TFK09 is the atmospheric imbalance related to the 6 analysis increment. The observations can act as a source or sink of water and energy, and in their 7 study, the assimilated observational analysis generally add energy to the system though it is 8 dissipated in different ways. The radiation term includes solar (net shortwave, SW, at the top of the atmosphere, T, 5 and the surface, S) radiation, the net surface longwave radiation (LWS), and the outgoing LW 6 radiation (OLR) at the top of the atmosphere. The MST term includes all the heating due to moist 7 processes, including the condensation heating and evaporation in all phases, and here, the 8 vertical integral of the MST term is the latent heat resulting from the production of precipitation.
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The MERRA vertically integrated total water vapor (w) budget for all phases can be 10 written as:
13 The change of total water is related to the dynamical convergence of water, and the physical 14 processes of evaporation and precipitation (sum of convective, large-scale and frozen forms). In 15 the MERRA system, two non-physical terms affect the moisture budget. F represents a very 16 small amount of negative filling, ensuring positive water vapor content. However, the ANA term 17 represents the analysis increment of water vapor, which is on the order of magnitude of E-P. As 18 MERRA system cycles in time, it performs a forecast, analysis, and then assimilation segment.
19 The assimilation segment is essentially a model forecast that includes the ANA or analysis 20 increment tendencies discussed previously. These budgets, and most MERRA output 21 diagnostics, are derived from the assimilation segment. A result of cycling the system in this way 22 is that the observational analysis tendencies can be quantified along-side the physical model data. 23 The result is that long term globally averaged water balances not just E and P, but the analysis Figure 2 ) while the reflected shortwave radiation is underestimated, suggesting the effect of 2 clouds is weaker than expected. Similarly, at the surface, downward longwave radiation is 3 underestimated while the surface downward shortwave radiation is overestimated.
4
Since MERRA and the reanalyses considered in TFK09 use prescribed SST, the ocean 5 temperatures and heat content do not respond to the net downward flux at the ocean surface (for 6 example, 13.8 Wm-2 in MERRA). While MERRA has a significant global average flux of heat 7 from the atmosphere to the ocean, the JRA surface flux sign is reversed (TFK09 Table 2 ). The 8 NCEP reanalysis shows little average net flux (TFK09, 
22
The increasing trend in MERRA precipitation bias noted in Figure 5 is separated into 23 global, land and ocean components in Figure 6a . Precipitation over continental regions shows 1 some periods of increase, but the global precipitation time series trends correlate more to the 2 precipitation over ocean. However, the oceanic trend is not linear, and undergoes a strong 3 transition period in the late 1990s. Globally and annually integrating the water budget (equation 4 3), the precipitation is balanced both by evaporation and the analysis increment of water vapor. 7 into land and ocean components to compute the transport from land to ocean. Table 2 12 The latter is the negative of the ocean transport scaled by land fraction. The heating of the 13 atmosphere due to the additional water analysis increment is a substantial term in the oceanic 14 area of the atmospheric heat budget (Figure 10c) . However, the variability of this the water term 15 is nearly opposite of the heating analysis increment, so that when the moisture increment 16 increases dramatically in 1999, the heating increment decreases. Here, the heat transport is the 17 sum of all heat transports, including enthalpy, kinetic energy and latent. In this area integration 18 then, the total transport of heat in Figure 10 
3
In the analysis presented thus far, there appears a widespread systematic change with 4 time of the water cycle components (Figure 11 ) over the oceans, but more subtle apparent effects 5 over the continents. However, the tropical continental regions do show some variations, and here 6 we consider the anomalies in the Amazon River basin and central Africa. Figure 13 shows the 7 time series of root zone soil water for the Amazon River basin (the area is similar to that used in 8 Bosilovich and Chern, 2006, their Figure 1 ). In conjunction with the start of AMSU 9 instrumentation, the soil water becomes systematically higher than in previous years, which 10 agrees with the increase in precipitation noted in Figure 11 a. Figure 14 compares the mean 11 annual cycle of precipitation in the Amazon Basin before and after the start of AMSU for both 12 GPCP merged gauge-satellite rain rate and that of MERRA. MERRA appears to have a low bias 13 before AMSU, mostly focused on the transition from dry to wet season. But after AMSU, 14 MERRA produces more precipitation than the observed data. The AMSU period (1999) (2000) (2001) (2002) (2003) (2004) (2005) (2006) 15 has shifted phase compared to the earlier period, and also compared to observations. It 16 interesting to note that GPCP wet season precipitation in the later period is higher than the earlier 17 period, which may indicate that there is a real increase in the region. Nonetheless, the change in 18 MERRA is more likely the result of the changing observing systems, and its effect reaching the 19 large tropical river basin. Given that evaporation, moisture convergence and the water vapor 20 increments are also changing in time (Figure 11 ), a more thorough analysis of this region, 21 beyond the scope of the present study is planned.
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In central Africa, a significant hydrologic anomaly occurs, and its sign contrasts the 23 general changes over the oceans and also over the Amazon River basin. In time, precipitation 1 and evaporation are decreasing while the area becomes more divergent despite increasing 2 vertically integrated water vapor increments. Figure 15a shows the comparison of MERRA 3 precipitation with that of a station near the center of the low anomaly. MERRA precipitation is 4 fairly comparable to the local observations early in the reanalysis, but exhibits a sharp drop of 5 local precipitation in late-1995. Over the region, the area becomes warm and dry, with 6 precipitation less than observed. 9 Figure 9 Energy terms for the moist processes (MST, essentially latent heating due to 10 precipitation) and the heating due to analysis increments. Units in Wm-2. 10
